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   - two acoplanar jets
   - ! 1 tagged b-jets (CDF)
         2 tagged b-jets (DØ)
   - ET

miss > 70 GeV (CDF)
                   50 GeV (DØ)
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Tevatron Luminosity

2006 shutdown:

• new Layer 0 silicon for DØ 

• trigger upgrades installed

Up to 2.1fb-1 in these analyses

New record luminosities



Two General Purpose Detectors:  CDF      DØ
Electron acceptance              |η|<2.0 |η|<3.0
Muon acceptance                  |η|<1.5 |η|<2.0
Silicon Precision tracking      |η|<2.0 |η|<3.0
Hermetic Calorimeter            |η|<3.6 |η|<4.2

Powerful trigger systems (2.5MHz →50Hz)
Dilepton triggers with pT>4GeV

protons
antiprotons

3 Layer
Muon 
System

Tracker Solenoid Magnet
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Q and x at the Tevatron

The quarks carry a momentum 
fraction x1,2 of the (anti-) proton 
which is described by the 
structure functions f(x).
Rapidity  

and x1,2 are related by

y =
1
2

ln
E + pz

E − pz

x1,2 =
Q√
s
e±y
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Q and x at the Tevatron

The quarks carry a momentum 
fraction x1,2 of the (anti-) proton 
which is described by the 
structure functions f(x).
Rapidity  

and x1,2 are related by

y =
1
2

ln
E + pz

E − pz

x1,2 =
Q√
s
e±y

For W production at the Tevatron Q2≈MW2 and |y|< 3 (3.2) for electrons 
measured at CDF (DØ) this results in probing an x region of            
0.002 < x < 0.8 (1)
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III. NUMERICAL RESULTS

A. Overview

In this section, we compare the resummed cross sec-
tions (23) with the additional broadening term [!!x" ! 0]
to the resummed cross sections without such a term
[!!x" # 0]. We consider the decay modes W$ ! e",
Z0 ! e !e; and H0 ! ## and discuss the impact of the
experimental acceptance cuts imposed on the decay parti-
cles. The resummation calculations that include the decay
of the vector and scalar bosons were described in
Refs. [60,61], respectively. The perturbative Sudakov
factor was included up to O!$2

s", and the functions
%Cin!T" & f' up to O!$s". The numerical calculation was
performed using the programs Legacy and ResBos [9,60],
and with the CTEQ6M parton distribution functions [62].

For the chosen parameters, the small-x broadening oc-
curs when one or both longitudinal momentum fractions
xA;B ( MVe$y=

!!!
S

p
are of order, or less than, x0 # 0:005.

The accessible ranges of xA; xB, and y at the Tevatron and
LHC are displayed in Fig. 1. Lower values of xA can be
reached at the price of pushing xB closer to unity, and vice
versa. The number of events affected by the broadening
can be determined from the rapidity distributions d%=dy in
Fig. 2.4 In all scattering processes, most of the events occur
at relatively small jyj. The rate in the forward regions is
suppressed by the decreasing parton densities at x ! 1.
The broadening can be detected at all boson rapidities
if

!!!
S

p
* MV=x0, or at forward rapidities jyj *

ln%MV=!
!!!
S

p
x0"', if the cross section is large enough to

measure the qT distribution at such jyj. The heavy bosons
are identified in the experiment by observation of second-
ary particles from their decay. The magnitude of the broad-
ening depends on the procedure applied to select the decay
leptons or photons. The estimates for W bosons are modi-
fied by the integration over the unobserved rapidity of the
neutrino, which mixes contributions from different ranges
of y. The impact of the boson’s decay will be addressed
quantitatively in the next subsections.

In the Tevatron Run-2 (
!!!
S

p
# 1:96 TeV), the W and Z

bosons are predominantly produced at xA ) xB )
MV=

!!!
S

p
> x0. The broadening can only affect a relatively

small fraction of the W and Z bosons with jyj *
ln%MV=!

!!!
S

p
x0"' ) 2, and it has negligible influence on

most of the Tevatron observables. The feasibility of dis-
covering qT broadening at the Tevatron depends on the
available detector acceptance in the forward-rapidity re-
gions. The rapidity coverage of the D0 and CDF detectors
is reviewed in the appendix. Our estimates suggest that

verification of qT broadening at the Tevatron is viable in
the near future.

At the LHC (
!!!
S

p
# 14 TeV), at least one momentum

fraction xA or xB is of order, or less than, x0 in all W and Z
boson events. Consequently the broadening is important at
all rapidities. The magnitude of the broadening at the LHC
generally differs between Z, W*, and W+ bosons, as a
result of their different masses and rapidity distributions.
The smaller mass of W bosons is conducive to the broad-
ening. 70% of W* bosons are produced in u !d annihilation,
enhanced at jyj> 1:5 by contributions from valence u
quarks. Most of W+ and Z bosons are produced in scatter-
ing of valence d quarks and/or sea quarks, which tends to
put more events in the central-rapidity region.
Consequently the fraction of forward-rapidity events is
larger in W* boson production than in W+ or Z boson
production, and, of the three boson species, the W* bosons
are the most sensitive to the broadening. The decay of W$

bosons mixes contributions from different ranges of jyj,
reducing the differences between qT broadening effects in
the lepton-level observables.

The Higgs bosons with the mass in the experimentally
allowed range (MH > 115 GeV) are produced via gluon
fusion at somewhat larger momentum fractions, such as
MH=

!!!
S

p
) 0:0086 for MH # 120 GeV. Their rapidity dis-

tribution in Fig. 2(c) is narrower than in the W and Z boson
cases due to the suppression of the forward-rapidity re-
gions by the decreasing gluon density g!x" at x ! 1.
Consequently the broadening is reduced in the Higgs boson
signal, but may be important in the background processes.
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FIG. 1 (color online). Parton momentum fractions xA and xB
accessible in W, Z, and Higgs boson production (for
MH # 120 GeV) in the Tevatron Run-2 (

!!!
S

p
# 1:96 TeV) and

at the LHC (
!!!
S

p
# 14 TeV). The accessible ranges of xA and xB

are shown by the solid lines. The contours of the constant
rapidity y are shown by the inclined dotted lines.

4The rapidity distributions and other observables inclusive in
qT are insensitive to the qT broadening in our model, due to the
Gaussian form of the broadening exponential assumed in
Eq. (23).
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Z pT Measurement
High pT region dominated by 
pQCD
NNLO calculation, γ-Z 
interference, spin correlation
Melnikov & Petriello PRD 74, 
114017 (2006)
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High pT region dominated by 
pQCD
NNLO calculation, γ-Z 
interference, spin correlation
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 CSS framework, 
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broadening predicted 
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Z pT Measurement

qT broadening at low-x  as inferred 
from SIDIS is disfavoured.
At low qT the uncertainty is 
dominated by PDF, energy scale and 
resolution (unfolding) and selection 
efficiency as a function of qT.

Resbos with the non-perturbative 
Sudakov form factor describes the 
data well for qT<30 GeV. 
NNLO describes the qT>30GeV data 
best but underestimates the cross 
section by 25%|y| > 2

Data − Theory
Theory



“Z pT“ Novel Technique 
New technique: project pTZ 
perpendicular to thrust axis of the 
l+l−  system 
Reduce sensitivity to pTl and 
detector systematics

3

At low pZ
T the quoted uncertainties were dominated by the dependence of the experimental acceptance on the

parton distribution functions (PDFs) and the following experimental systematics [4]:
• Unfolding the pZ

T measurement to account for the resolution in the measurement of the ET of the electrons.

• Correcting for the pZ
T dependence of the overall event selection efficiency.

The measurement was g2 = 0.77 ± 0.06 GeV2 for Run II, which can be compared with an earlier measurement of
g2 = 0.59 ± 0.06 GeV2 from Run I [5]. As a result of the substantial experimental systematic uncertainties, the low
pZ

T region was not much better measured in the 1 fb−1 Run II analysis than in the 100 pb−1 Run I analysis. An
experimental observable that is sensitive to the pZ

T , but less sensitive to these experimental systematics, would be
beneficial.

It should be noted that the Run I and Run II measurements used different PDFs. In addition, the Run I measurement
used the Ladinsky, Yuan (LY) parameterization [6] as opposed to the BLNY parameterization, although the term
in g2 is the same and any shift due to changing the terms in g1 and g3 is smaller than the uncertainties on these
measurements.

II. CONSTRUCTING THE aT OBSERVABLE

The measured pZ
T is highly sensitive to the lepton pT resolution. Our goal is to build an observable that is less

sensitive to this resolution, considering the fact that collider detectors generally have far better angular resolution
than calorimeter ET or track pT resolution.

FIG. 2: A schematic representation in the transverse plane, of the construction of aT and aL in a typical leptonic Z decay.
The hadronic recoil is expected to have equal and opposite pT to the pZ

T .

For events with di-lepton azimuthal separation, ∆φ!! > π
2 , the pZ

T is decomposed into orthogonal components as
follows (See Figure 2):

• The event axis is defined as: t̂ = #p
(1)

T −#p
(2)

T

|#p (1)
T −#p (2)

T |
where "p (i)

T is the transverse momentum vector of lepton i. The
two leptons have equal momentum transverse to this axis.

• The transverse momentum of the di-lepton system, "pZ
T = "p (1)

T +"p (2)
T , is decomposed into components transverse

to the axis, aT = |"pZ
T × t̂|, and aligned with the axis, aL = "pZ

T · t̂.
For events with ∆φ!! < π

2 , aT is set equal to pZ
T , while aL maintains the same definition for all ∆φ!!.

At low pZ
T , ∆φ!! ∼ π, hence the uncertainty on aT is approximately the same size as the uncertainty on the

individual lepton pT ’s multiplied by the sine of a small angle. In contrast, the uncertainty on aL (and thus also pZ
T )

is approximately the uncertainty on the individual lepton pT ’s multiplied by the cosine of a small angle.
The aT observable has previously been used in the selection of $−$+νν̄ final states at LEP by the OPAL collabora-

tion [7]. In [8] it has been shown that aT is almost insensitive to the transverse momentum resolution of the individual
leptons. On an event-by-event basis, aT is therefore more precisely determined than pZ

T ; this has the consequence
that the di-muon channel can be employed in this measurement in addition to the di-electron channel. Furthermore,
a measurement of the aT distribution is demonstrated in [8] to be substantially less sensitive to the dominant experi-
mental systematics (resolution unfolding and dependence of the event selection efficiency on pZ

T ) reported in previous
measurements of the pZ

T .

SBLNY
NP = exp

[
−g1 − g2 ln

(
Q

2Q0

)
− g1g3 ln(100x1x2)

]
b2

2

I. MOTIVATION

The shape of the Z Boson momentum distribution transverse to the beam direction (pZ
T ) at a hadron collider tests

the predictions of quantum chromodynamics (QCD), since non-zero pZ
T is generated through radiation from the initial

state partons. A good understanding of electroweak vector boson production is important in precision measurements
(e.g., top and W mass).

At low pZ
T (pZ

T ! Q, where Q is the mass of the di-lepton system and Q ≈ MZ , the Z mass) the emission of
multiple soft gluons is important and calculations in fixed order perturbative QCD diverge. There exist resummation
techniques, in which contributions from all orders of αs are resummed to give a finite result. Resummation was first
applied to the Drell-Yan process by Collins, Soper and Sterman (CSS) [1]. The resummation is carried out in impact
parameter (b) space and includes a non-perturbative (NP) form factor that needs to be determined from data. As
discussed in Ref. [2], various forms have been proposed, including the Brock-Landry-Nadolsky-Yuan (BLNY) form:

SNP (b, Q2) =
[
g1 + g2 ln

(
Q

2Q0

)
+ g1g3 ln(100xixj)

]
b2, (1)

where xi and xj are the fractions of the hadron momenta carried by the initial state partons, Q0 = 1.6 GeV is an
arbitrary scale and the parameters gi need to be fitted from data.
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FIG. 1: The normalized aT distribution for events generated with ResBos [3] for two different g2 values.

Using the BLNY NP form factor, the CSS formalism was able to describe universally Tevatron Run I Z data and
Drell-Yan data from lower Q2 experiments [2]. The pZ

T distribution at the Tevatron (Q2 ∼ M2
Z) is sensitive to g2

and almost completely insensitive to g1 and g3. The CSS formalism is implemented in the Next to Leading Order
(NLO) event generator ResBos [3]. Figure 1 shows that as g2 increases the pZ

T spectrum predicted by ResBos becomes
harder. In addition, the total cross section decreases as g2 increases. In Run II the DØ Collaboration reported a pZ

T
measurement in the di-electron channel with a 1 fb−1 data set [4]. For low pZ

T (pZ
T < 30 GeV), the DØ data is, within

the measurement uncertainties, well described by the BLNY formalism.

At the Tevatron the measurement of   
pTZ or aT are only sensitive to g2.
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FIG. 1: The normalized aT distribution for events generated with ResBos [3] for two different g2 values.

Using the BLNY NP form factor, the CSS formalism was able to describe universally Tevatron Run I Z data and
Drell-Yan data from lower Q2 experiments [2]. The pZ

T distribution at the Tevatron (Q2 ∼ M2
Z) is sensitive to g2

and almost completely insensitive to g1 and g3. The CSS formalism is implemented in the Next to Leading Order
(NLO) event generator ResBos [3]. Figure 1 shows that as g2 increases the pZ

T spectrum predicted by ResBos becomes
harder. In addition, the total cross section decreases as g2 increases. In Run II the DØ Collaboration reported a pZ

T
measurement in the di-electron channel with a 1 fb−1 data set [4]. For low pZ

T (pZ
T < 30 GeV), the DØ data is, within

the measurement uncertainties, well described by the BLNY formalism.

At the Tevatron the measurement of   
pTZ or aT are only sensitive to g2.

DØ result:
g2=0.63±0.02(exp)±0.04(PDF)
World average: 
g2=0.68+0.02-0.01 (CTEQ 3M; does 
not include the PDF uncertainty)
New global fit!

11

TABLE V: Change in the fitted g2 after re-weighting events containing an FSR photon.

weight Run IIa µµ Run IIb µµ Run IIa ee Run IIb ee

+20% -0.003 -0.004 -0.003 -0.003
-20% +0.002 +0.003 +0.002 +0.003
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FIG. 8: Comparison of our g2 measurement (blue) with previous DØ measurements (purple) and the world average (black).
The theoretical uncertainty due to the PDFs is marked by the thinner line (only on the measurements in this analysis).

between Run IIa and Run IIb data sets within the same channel. Measurements in the di-muon and di-electron
channels obtained by combining the Run IIa and Run IIb results are given in Table VI and Figure 8. The di-muon
and di-electron measurements differ by 1.2 σ. Combining the di-muon and di-electron measurements, the final results
is g2 = 0.63 ± 0.02 ± 0.04 GeV2, where the first uncertainty is experimental and the second is the PDF uncertainty.
The results are compared in Figure 8 to previous measurements. Since the world average measurement does not
include a PDF uncertainty, we present our measurements with a separate PDF uncertainty.

TABLE VI: Combined Run IIa and Run IIb measurements for each channel with uncertainties.
Di-muon Di-electron

Central Value 0.610 0.656
σstat 0.021 0.022
σsyst 0.018 0.014

σtotal(excl. PDF) 0.028 0.026



Z Rapidity

Probe PDFs at low x and at very 
large x.
Measure electrons in the very 
forward direction is essential.
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NLO with NLO CTEQ6.1M PDF show 
the best agreement with data.



W Charge Asymmetry
u quarks carry on average larger 
momentum than d quarks. The W+ is 
preferentially boosted along proton 
direction. 
⇒ PDFs

from the known V ! A (vector-axial vector) decay distri-
bution using the center-of-mass decay angle between the
electron and the proton, !", and from the Wþ and W!

production cross-sections as a function of W rapidity,
d"$=dyW . The W mass constraint is

M2
W ¼ ðEl þ E#Þ2 ! ð ~Pl þ ~P#Þ2; (5)

where theW mass,MW , is contrained to its experimentally
measured value [6,7]. Events which cannot satisfy the W
mass constraint (and which get imaginary values of the
neutrino z-momentum) are due to a misreconstruction of
the neutrino (missing) transverse energy,E6 T [8]. Therefore,
in such cases, we rescale the E6 T to the value which makes
the imaginary part to be zero. This new E6 T is then used to
correct the yW for the event.

The leading-order W boson production mechanism in
p !p collisions results in theW boson being polarized in the
!p direction by means of the V ! A structure of the weak
interaction. The V ! A structure means that the weak
current couples only to left-handed u and d quarks (or to
right-handed !u and !d quarks). For ultrarelativistic quarks,
where helicity and chirality are approximately equivalent,
this results in full polarization of the producedW bosons in
the direction of the beam. The W leptonic decay process
also couples only to left-handed e! and right-handed !# (or
right-handed eþ and left-handed #). The conservation of
angular momentum favors a decay with the final state
lepton (neutrino or electron) at a small angle with respect
to the initial state quark direction (and a similar small angle
between the initial state antiquark and final antilepton).
The systematic shift in lepton pseudorapidity with respect
to yW depending on the charge of the final state lepton is
illustrated in Figs. 2(a) and 2(b), which show the lepton
pseudorapidity vsW rapidity for the different charges. This
effect also explains the discrepancy at high rapidity be-
tween the lepton charge asymmetry and the W charge

asymmetry as illustrated in Fig. 1(c). The V ! A bias in
the W decay angle causes leptons at high rapidity to
originate primarily from W bosons produced in the oppo-
site hemisphere.
W$ bosons at the Tevatron are primarily produced from

the valence quarks in the proton and the antiquarks in the
antiproton and rarely from sea quarks simply because W
production requires at least one moderately high x parton
to be involved in the collision. At very large forward or
backward rapidities where one very high x parton must
participate in the production, the production probability
from the sea quarks nearly vanishes. Understanding of the
sea quark contribution is important to exactly know the
decay angle distributions from the V ! A structure because
W production by sea antiquarks will result in the opposite
W polarization from valence quark production.
We use a Monte Carlo simulation with NLO QCD

corrections [5] to determine the production probability
with sea quarks by identifying initiating quarks as a func-
tion of yW . We verify the expected angular distribution of
ð1$ cos!"Þ2 from production of W$ with quarks in the
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FIG. 2 (color online). (a) The positively charged W boson and
lepton rapidity distribution. (b) The negatively charged W boson
and lepton rapidity distribution.
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from the known V ! A (vector-axial vector) decay distri-
bution using the center-of-mass decay angle between the
electron and the proton, !", and from the Wþ and W!

production cross-sections as a function of W rapidity,
d"$=dyW . The W mass constraint is

M2
W ¼ ðEl þ E#Þ2 ! ð ~Pl þ ~P#Þ2; (5)

where theW mass,MW , is contrained to its experimentally
measured value [6,7]. Events which cannot satisfy the W
mass constraint (and which get imaginary values of the
neutrino z-momentum) are due to a misreconstruction of
the neutrino (missing) transverse energy,E6 T [8]. Therefore,
in such cases, we rescale the E6 T to the value which makes
the imaginary part to be zero. This new E6 T is then used to
correct the yW for the event.

The leading-order W boson production mechanism in
p !p collisions results in theW boson being polarized in the
!p direction by means of the V ! A structure of the weak
interaction. The V ! A structure means that the weak
current couples only to left-handed u and d quarks (or to
right-handed !u and !d quarks). For ultrarelativistic quarks,
where helicity and chirality are approximately equivalent,
this results in full polarization of the producedW bosons in
the direction of the beam. The W leptonic decay process
also couples only to left-handed e! and right-handed !# (or
right-handed eþ and left-handed #). The conservation of
angular momentum favors a decay with the final state
lepton (neutrino or electron) at a small angle with respect
to the initial state quark direction (and a similar small angle
between the initial state antiquark and final antilepton).
The systematic shift in lepton pseudorapidity with respect
to yW depending on the charge of the final state lepton is
illustrated in Figs. 2(a) and 2(b), which show the lepton
pseudorapidity vsW rapidity for the different charges. This
effect also explains the discrepancy at high rapidity be-
tween the lepton charge asymmetry and the W charge

asymmetry as illustrated in Fig. 1(c). The V ! A bias in
the W decay angle causes leptons at high rapidity to
originate primarily from W bosons produced in the oppo-
site hemisphere.
W$ bosons at the Tevatron are primarily produced from

the valence quarks in the proton and the antiquarks in the
antiproton and rarely from sea quarks simply because W
production requires at least one moderately high x parton
to be involved in the collision. At very large forward or
backward rapidities where one very high x parton must
participate in the production, the production probability
from the sea quarks nearly vanishes. Understanding of the
sea quark contribution is important to exactly know the
decay angle distributions from the V ! A structure because
W production by sea antiquarks will result in the opposite
W polarization from valence quark production.
We use a Monte Carlo simulation with NLO QCD

corrections [5] to determine the production probability
with sea quarks by identifying initiating quarks as a func-
tion of yW . We verify the expected angular distribution of
ð1$ cos!"Þ2 from production of W$ with quarks in the
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lepton rapidity distribution. (b) The negatively charged W boson
and lepton rapidity distribution.
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The W charge 
asymmetry is 
translated into a 
lepton charge 
asymmetry - albeit 
watered down by 
the V−A structure 
of the decay.

A(y) =
dσ+/dy − dσ−/dy

dσ+/dy + dσ−/dy

≈ d/u(x1)− d/u(x2)
d/u(x1) + d/u(x2)



Lepton Charge Asymmetry
4 electron types due to detector cover
46/54 of both magnet polarities
systematics: charge mis-id, multijet bg 
pT bins: different W rapidities
⇒ impact on new PDF fit because of 
small errors
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W Charge AsymmetryEWK Physics
at the Tevatron

T. Nunnemann
LMU Munich

σ(Z)

pT (Z)

y(Z)

W asymmetry

Z : AFB

W mass

ZZ

TGC

W charge asymmetry

• sensitive to PDFs

• u quarks carry larger average x
than d quarks (← F p

2 /F n
2 )

• ud̄ →W + preferentially
boosted along p direction

• W charge asymmetry:

A(y) = dσ+/dy−dσ−/dy
dσ+/dy+dσ−dy

• A(ηl) is standard observable

• convolution of
W prod. asymmetry
and (V-A) decay

• assumption:
SM W → lν coupling

• cancellation of syst.
uncert. related to
lepton reconstruction

p p̄ p p̄
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Lepton Charge Asymmetry

The V−A structure determines the 
polarity of the W boson and the 
decay into leptons.

proton and the opposite distribution with antiquarks in the
proton. For example, in Fig. 3(a), we show the cos!!

distributions of eþ in the Wþ rest frame for the case
when a quark from the proton and an antiquark from the
antiproton form the Wþ (labeled ‘‘quark’’) and the case
when an antiquark from the proton and a quark from the
antiproton form the Wþ (labeled ‘‘antiquark’’). The ratio
of quark (proton) and antiquark (proton) induced W pro-
duction, therefore, determines the angular decay distribu-
tion. In the simulation, we measure the fraction of quark
and antiquark contributions, and parametrize the angular
distributions for yW and the W transverse momentum, pW

T .
We find an empirical functional form that fits the data,

P#ðcos!!; yW; pW
T Þ ¼ ð1' cos!!Þ2

þQðyW; pW
T Þð1# cos!!Þ2; (6)

QðyW; pW
T Þ ¼ fðpW

T Þe(½gðpW
T Þ!y2Wþ0:05!jy3W j*: (7)

The parameters fðPW
T Þ and gðPW

T Þ are
fðPW

T Þ ¼ 0:2811LðPW
T ;" ¼ 21:7 GeV;#

¼ 9:458 GeVÞ þ 0:2185eð(0:04433GeV(1PW
T Þ;

gðPW
T Þ ¼ 0:2085þ 0:0074 GeV(1PW

T ( 5:051

+ 10(5 GeV(2PW2
T þ 1:180

+ 10(7 GeV(3PW3
T ;

(8)

where Lðx;";#Þ is the Landau distribution with most
probable value " and the RMS #. The first term of
Eq. (6) corresponds to the contribution from quarks in
the proton and the second term from antiquarks in the
proton. The parametrization, QðyW; pW

T Þ, the ratio of the
two angular distributions as a function of the W rapidity
and pW

T , is obtained from the fit to the distribution in
Fig. 3(b).

A second relevant factor in the selection among the two
W rapidity solutions is theW differential cross-section as a
function of yW , d#

#=dyW . The W boson production de-
creases sharply beyond jyW j> 2 because of the scarcity of
high x quarks. For instance, if one of the two possible
solutions falls in the central region of rapidity and the other
has jyW j> 2, the former should receive more weight as the
latter is very unlikely to be produced.
The information used to select among the two solutions

can be represented by a weighting factor for each rapidity
solution and charge, w#

1;2, can be represented as

w#
1;2¼

P#ðcos!!1;2;y1;2;pW
T Þ##ðy1;2Þ

P#ðcos!!1;y1;pW
T Þ##ðy1ÞþP#ðcos!!2;y2;pW

T Þ##ðy2Þ
;

(9)

where the# signs indicate theW boson charge and indices
of 1, 2 are for the two W rapidity solutions.
In our analysis, we include kinematic cuts for detecting

charged leptons. For W ! e$ event selection, we apply
j%lab

e j< 2:8, Ee
T > 25 GeV, and E6 T > 25 GeV. We also

consider a multiplicative correction factor for the detector
acceptance and event migration from smearing effects as
shown in Figs. 4(a) and 4(b). In order to study smearing
effects, we use the fact that the energy resolutions in the
electromagnetic calorimeter of the Collider Dectector at
Fermilab (CDF) are 14%=

ffiffiffiffiffiffi
ET

p
(central calorimeter) and

16%=
ffiffiffiffi
E

p
, 1% (the end plug calorimeter) and in the had-

ronic calorimeter are 75%=
ffiffiffiffi
E

p
(central) and 80%=

ffiffiffiffi
E

p
,

5% (the end plug) [9]. We randomly smear the electron and
recoil hadronic energies in simulated events with a
Gaussian distribution modeling their uncertainties prior
to making the selection above. The correction factors are
determined using a Monte Carlo program which includes
both a model of the process under study as well as a
simulation of the measuring apparatus.
In Eq. (9), the weighting factor depends primarily on the

Wþ and W( cross-sections, but does have some weak
dependence on the assumed W charge asymmetry, and
thus the correction factors can be biased by computing
the factors with different Monte Carlo models. Therefore,
this method requires us to iterate the procedure to eliminate
our measurement’s dependence on the input asymmetry. In
order to confirm our analysis technique and take into
account the bias from physics input variables (such as the
charge asymmetry itself, the total differential cross-section
and the angular distribution) we have studied theW charge
asymmetry measurement with different Monte Carlo mod-
els and evaluated systematic uncertainties, which are de-
scribed in the next section.

III. SYSTEMATIC UNCERTAINTIES

We consider potentially significant sources of systematic
uncertainty on the W charge asymmetry measurement
from the assumed parton distributions, the detector reso-
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FIG. 3 (color online). (a) The cos!! distributions of eþ in the
Wþ rest frame, averaged over all produced Wþ. The curve
labeled ‘‘quark’’ shows the case when a quark from the proton
and antiquark from the antiproton form the Wþ. The curve
labeled ‘‘antiquark’’ shows the opposite case, when an antiquark
from the proton and a quark from the antiproton form the Wþ.
(b) The dependence of the ratio of ‘‘antiquark’’ ( !q) and ‘‘quark’’
(q) contributions to the overall W decay angle distribution,
QðyW; pW

T Þ, as a function of W rapidity and pT of the W.
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Sea-quark contributions produce 
the opposite W polarity!

EWK Physics
at the Tevatron

T. Nunnemann
LMU Munich

σ(Z)

pT (Z)

y(Z)

W asymmetry

Z : AFB

W mass

ZZ

TGC

Direct measurement of A(|yW |)

• reconstruct yW distribution
with MW constraint
• weight both ν solutions with

probability given by
production and decay

• iterate as weight depends on
yW

⇒ improved statistical precision
w.r.t. A(ηl)

• for fixed yW± : ηe+ "= ηe−

⇒ different acceptance for
W +/W−

• W → eν, 1 fb−1

• largest syst. uncert.: e-ID
efficiency, modeling of
hadronic recoil

• provides new constraints on
PDF fits
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W Charge Asymmetry 
Increased sensitivity to PDFs

6

TABLE I: Statistical and systematic uncertainties for the W production charge asymmetry. All values are (×10−2) and show
the correlated uncertainties for both positive and negative rapidities.

|yW | Charge Back- Energy Scale Recoil Electron Electron PDFs Stat.
MisID grounds & Resolution Model Trigger ID

0.0 - 0.2 0.02 0.04 0.01 0.11 0.03 0.02 0.03 0.31
0.2 - 0.4 0.01 0.09 0.04 0.22 0.08 0.07 0.08 0.32
0.4 - 0.6 0.02 0.11 0.06 0.22 0.13 0.17 0.15 0.33
0.6 - 0.8 0.03 0.15 0.07 0.34 0.14 0.30 0.22 0.32
0.8 - 1.0 0.03 0.20 0.07 0.42 0.11 0.47 0.24 0.34
1.0 - 1.2 0.04 0.18 0.08 0.33 0.09 0.69 0.27 0.38
1.2 - 1.4 0.05 0.18 0.15 0.67 0.06 0.78 0.28 0.43
1.4 - 1.6 0.04 0.14 0.14 1.10 0.04 0.85 0.28 0.50
1.6 - 1.8 0.08 0.12 0.26 0.92 0.03 0.89 0.29 0.55
1.8 - 2.05 0.22 0.13 0.31 0.82 0.06 0.80 0.34 0.62
2.05 - 2.3 0.44 0.21 0.53 0.59 0.17 0.85 0.42 0.83
2.3 - 2.6 0.45 0.19 0.62 0.40 0.27 0.86 0.50 1.10
2.6 - 3.0 0.14 0.10 0.60 0.43 0.28 0.65 0.53 2.30

Table I summarizes the statistical and systematic uncer-
tainties on A(|yW |).

The measured asymmetry A(|yW |), which combines
the positive and negative yW bins, is shown in Fig. 1.
Also shown are the predictions of a NNLO QCD cal-
culation using the MRST 2006 NNLO PDF sets and a
NLO QCD calculation using the CTEQ6.1 NLO PDF
sets, which are in agreement with the measured asym-
metry. Values of A(yW ) and the total uncertainty for
each |yW | bin are listed in Table II. Since this measure-
ment depends on the width of the W , in particular for
the highest yW bin, the bin centers account for the W
rapidity and W mass range accepted in each bin. We
correct the bin centers to the value of < |yW | > (average
of W+ and W− rapidities) for which the asymmetry is
equal to the one for a fixed W mass of 80.403 GeV/c2.

In conclusion, using a new analysis technique we re-
port the first direct measurement of the W boson charge
asymmetry from Run II of the Tevatron, using data from
1 fb−1 of integrated luminosity taken with the CDF II de-
tector. Since the total uncertainties are smaller than the
uncertainties coming from PDFs, as is also shown in [9],
this direct measurement of the asymmetry is more sen-
sitive to the ratio of d/u momentum distributions in the
proton at high x than previous lepton charge asymme-
try measurements. This result is therefore expected to
improve the precision of the global PDFs fits.

We wish to thank R.S. Thorne and W.J. Stirling for
useful discussions on the theoretical predictions. We
thank the Fermilab staff and the technical staffs of the
participating institutions for their vital contributions.
This work was supported by the U.S. Department of En-
ergy and National Science Foundation; the Italian Isti-
tuto Nazionale di Fisica Nucleare; the Ministry of Educa-
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FIG. 1: The measured W production charge asymmetry
and predictions from (a) NLO CTEQ6.1 and (b) NNLO
MRTST2006, with their associated PDF uncertainties.

tion, Culture, Sports, Science and Technology of Japan;
the Natural Sciences and Engineering Research Council
of Canada; the National Science Council of the Repub-

tainty obtained by assuming an analysis using an integrated
luminosity of 1 fb!1, where we also extrapolate the ex-
pected statistical uncertainty from the number of events
from the previous W lepton charge asymmetry result of
CDF with 0:2 fb!1 [3].

IV. RESULTS

We compare the expected statistical uncertainties in
1:0 fb!1 of data at the Tevatron with the uncertainties
coming from parton distribution functions (PDFs) using
CTEQ6M in Fig. 5. In particular, we notice that at high
rapidities (jyW j> 1:4) there is a large difference in the
precision with which the as yet unmeasured W production
asymmetry and the previously measured asymmetry from
the decay leptons scaled to 1:0 fb!1 of integrated luminos-
ity are known. The total systematic and statistical uncer-
tainties on the W production charge asymmetry
measurement is shown in Fig. 6 with the uncertainties com-

ing from parton distribution functions using CTEQ6M.
Since the systematic uncertainty estimates, as summarized
in Table I, are lower than the statistical error, a direct
measurement of theW charge asymmetry with this method
should significantly improve parametrizations of the PDFs.
In this paper, we present a study of the W boson pro-

duction charge asymmetry with the W decaying leptoni-
cally to an electron and neutrino in p !p collisions at the
Tevatron. We propose a new analysis technique which
resolves the ambiguity in the neutrino longitudinal mo-
mentum, using a realistic Monte Carlo simulation. We
show that the W charge asymmetry can be directly mea-
sured at the Tevatron. We conclude that by measuring the
W production charge asymmetry with reconstructed W
rapidity, the result should be one of the best determinations
of the proton d=u momentum ratio, and play an important
role in global PDF fits.
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Z AFB 

AFB: interference between γ and Z0 (mee) 
Different coupling strengths to u and d 
quarks (compared to leptons) or new 
gauge bosons change AFB.
Use Collins-Soper frame to reduce 
sensitivity to QCD effects
Main uncertainties: Dominated by 
statistics;  PDFs, detector resolution
Theory becomes relevant for large 
luminosities (8fb-1)

The largest background arises from photonþ jets and
multijet final states in which photons or jets are misrecon-
structed as electrons. Smaller background contributions
arise from electroweak processes that produce two real
electrons in the final state. The multijet background is
estimated using collider data by fitting the electron isola-
tion distribution in data to the sum of the isolation distri-
butions from a pure electron sample and an EM-like jet
sample. The pure electron sample is obtained by enforcing
tighter track matching requirements on the two electrons
with 80<Mee < 100 GeV. The EM-like jets sample is
obtained from a sample where only one good EM cluster
and one jet are back-to-back in azimuthal angle !. The
contamination in the EM-like jets sample from W ! e"

events is removed by requiring missing transverse energy
E6 T < 10 GeV. The average multijet background fraction
over the entire mass region is found to be approximately
0.9%. Other SM backgrounds due to W þ #, W þ jets,
WW, WZ, and t!t are estimated separately for forward
and backward events using PYTHIA events passed through
the GEANT simulation. Higher order corrections to the
PYTHIA leading order (LO) cross sections have been ap-
plied [19–21]. These SM backgrounds are found to be
negligible for almost all mass bins. The Z=#" ! $þ$#

contribution is similarly negligible.
In the SM, the AFB distribution is fully determined by

the value of sin2%effW in a LO prediction for the process
q !q ! Z=#" ! ‘þ‘#. The value of sin2%effW is extracted
from the data by comparing the background-subtracted
raw AFB distribution with templates corresponding to dif-
ferent input values of sin2%effW generated with PYTHIA and
GEANT-based MC simulation. Although sin2%effW varies over
the full mass range 50<Mee < 500 GeV, it is nearly
constant over the range 70<Mee < 130 GeV. Over this
region, we measure sin2%effW ¼ 0:2321% 0:0018ðstatÞ %
0:0006ðsystÞ. The primary systematic uncertainties are
due to the PDFs (0.0005) and the EM energy scale and
resolution (0.0003). We include higher order QCD and
electroweak corrections using the ZGRAD2 [22] program
with the generator-level Z=#" boson pT distribution tuned
to match our measured distribution [23]. The effect of
higher order corrections results in a central value of
sin2%effW ¼ 0:2326 [24].
Because of the detector resolution, events may be re-

constructed in a different mass bin than the one in which
they were generated. The CC and CE raw AFB distributions
are unfolded separately and then combined. The unfolding
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FIG. 1 (color online). Comparison between the unfolded AFB

(points) and the PYTHIA (solid curve) and ZGRAD2 (dashed line)
predictions. The inner (outer) vertical lines show the statistical
(total) uncertainty.

TABLE I. The first column shows the mass ranges used. The second column shows the cross
section weighted average of the invariant mass in each mass bin derived from PYTHIA. The third
and fourth columns show the AFB predictions from PYTHIA and ZGRAD2. The last column is the
unfolded AFB; the first uncertainty is statistical, and the second is systematic.

Mee range hMeei Predicted AFB Unfolded AFB

(GeV) (GeV) PYTHIA ZGRAD2

50–60 54.5 #0:293 #0:307 #0:262% 0:066% 0:072
60–70 64.9 #0:426 #0:431 #0:434% 0:039% 0:040
70–75 72.6 #0:449 #0:452 #0:386% 0:032% 0:031
75–81 78.3 #0:354 #0:354 #0:342% 0:022% 0:022
81–86.5 84.4 #0:174 #0:166 #0:176% 0:012% 0:014

86.5–89.5 88.4 #0:033 #0:031 #0:034% 0:007% 0:008
89.5–92 90.9 0.051 0.052 0:048% 0:006% 0:005
92–97 93.4 0.127 0.129 0:122% 0:006% 0:007
97–105 99.9 0.289 0.296 0:301% 0:013% 0:015
105–115 109.1 0.427 0.429 0:416% 0:030% 0:022
115–130 121.3 0.526 0.530 0:543% 0:039% 0:028
130–180 147.9 0.593 0.603 0:617% 0:046% 0:013
180–250 206.4 0.613 0.600 0:594% 0:085% 0:016
250–500 310.5 0.616 0.615 0:320% 0:150% 0:018
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AFB in Z/!*"ee at Tevatron

!""#$"%$&& &'

!u u (dd) " Z/!*" e+e-

!SM couplings of fermions to Z boson:

!Axial-vector coupling:

!Vector coupling:

! With sin2#W = 0.232:

!gA = - 0.5, gV = - 0.036 for electron

!gA = 0.5,   gV = 0.191 for u quark

!gA = - 0.5, gV = - 0.345 for d quark

((

WffV QIg #23 sin2$%

3

fA Ig %

"Probe the relative strengths of 

Z-q couplings

"Sensitive to the light quarks 

"Constrain PDFs

)*+,-./01*

234

0.2326±0.0018±0.0006
             (stat)    (syst)



Z Production in Z→ττ
New measurement with 1fb-1 of the Z 
production cross section × branching ratio 
in Z→τμτh/e 
Hadronic τ decays distinguish 3 types:

1 track, no EM sub-cluster
1 track, at least 1 EM sub-cluster
2 or more tracks, any EM sub-cluster

σ·BR=240±8(stat)±12(sys)±15(lumi) pb

Standard Model: 252pb

Benchmark for H→ττ
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Z : AFB

W mass

ZZ
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Inclusive Z prod.

• Z → τµτh/e

• new measurement with 1 fb−1,
arXiv:0808.1306

• τµ: inclusive muon trigger
• τh/e : ID with NNs, 3 classes

• 1 track, no EM sub-cluster
• 1 track, ≥ 1 EM sub-cl.
• ≥ 2 tracks, ≥ 0 EM sub-cl.

• multi-jet (bb̄) bgd. estimated from
same-sign τ candidate events

• visible mass:
mvis =

√
(Pµ + Pτ + P/T)2

• σ · Br =
240 ± 8(stat) ± 12(sys) ± 15(lumi) pb
SM: 252 pb

• reference measurement for h→ ττ
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Summary & Conclusions

Hadron colliders have by definition three important ingredients 
to all of their physics:
‣ pQCD (at higher orders)
‣ npQCD
‣ Structure Functions

We depend on results of global fits as input                          
to understand our data.

W and Z production at the Tevatron is having enough 
sensitivity to constrain PDFs and be used as                       

input to global fits. 
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